INTRODUCTION
Irrigated agriculture is a major industry in the U.S. which, like many others, requires substantial energy, water and chemical inputs. Unlike other major industries however, production is not concentrated in a relatively small number of facilities but rather is spread across vast areas of the country with a large number of individual producers. The two major forms of irrigation are surface (gravity) systems, and sprinkler (pressurized) systems. In recent years, there has been a slight decline in total irrigated acreage and a significant conversion from surface to sprinkler systems.
There are a number of different types of sprinkler systems, characterized primarily by whether the sprinklers remain stationary (stationary systems) or whether they move (continuous-move systems) during the irrigation process. The center-pivot, in which the sprinklers are mounted on a pipe which rotates about a fixed point, is the most important example of a continuousmove system. The acreage under center-pivot irrigation has been increasing substantially in recent times. Center-pivot acreage has increased approximatelv 40%. or 4 million acres,
. * owin no si s of decreasii .
The ten leading states in terms of center-pivot acreage are shown in table 1, along with the percentage of systems powered by the three primary energy sources, namely electricity, diesel and natural gas or liquid propane. Electricity is by far the predominant energy source in the northwest. The leading states of Nebraska and Texas are more evenly split between these three energy sources. Together, these ten states account for approximately 77% of all centerpivot irrigated acreage.
The electro-mechanical systems used for alignment and speed control have changed little since the introduction of center-pivots over thirty years ago. These systems are reliable and cost effective, and so there is little impetus for major change. The maior ines the depth of ically 800-1200 gpm).
is the speed at which the system rotates around the 7 'water applied to the ground because t h c ? n w is constant_(tvD Irrigation depth is minimum when the rotation speed is maximum, and is Proportionately ' increased as the system is &wed down, Programmable micro-processor based controls haye recently become available to replace manual control settigs, enabba the rotation speed and direction to vary automatically for different sectors of the circle. The primary energy input is that requlred by the pumping plant to hit and pressurize the water in the system. Lift, operating pressure and efficiency vary tremendously between different systems and locations. The rate of energy used for pumping is a knction of flow rate and pressure. Reducing flow rate requires control of the sprinklers, and reducing pressure requires control of the pump. In conventional systems, the flow rate is constant and the pump is operated at a fixed speed to provide a set pressure and flow rate, which should provide sufficient pressure and flow to the center-pivot. However, in order to provide sufficient pressure at all times, it is usually necessary to provide excess pressure. A simple example is a field with varying topography. If the outer end of the center-pivot is at a higher elevation that the pivot point, then pressure at the end will be reduced by the an amount equal to the elevation difference head. To overcome this additional loss of pressure, the pressure at the pivot point will need to be sufficiently high to maintain end pressure at an acceptable level. This pressure will need to be provided for the entire rotation of the system because there is no control of the pump. Thus, the pressure may be higher than necessary at other locations in the field as the system rotates. Another simple example is the use of an end gun on a center-pivot. These are used to help irrigate the corners of a square field, and is turned on as appropriate during the rotation cycle. When they are on, flow is increased and therefore pressure may be reduced. This will need to be taken into consideration when the pump is sized, so that sufficient pressure for the entire system is available when the end gun is on. However, this necessitates higher than necessary pressure when the end gun is off.
A control system for center-pivots which enables flow to vary as required has been developed &y PICS, with assistance fiom this project. To achieve energy savings also requires an Adjustable Speed Drive (ASD) to vary the speed of the p w ma tch changing p ressure and flow needs during a rotation. This project has enabled the PICS control system to be integrated with an ASD to explore the energy aspects of variable rate irrigation. Because the system was controlled by microprocessors, appropriate sofhvare also was required, along with means for mapping variability. This report will primarily concentrate on the energy aspects of the development, particularly field results obtained from installing a control system and ASD on a commercial center-pivot.
METHODS
We identified and evaluated several potential control systems which might meet the required performance criteria for this application and, after testing and evaluation, eventually selected the most promising system. This control system (Echelon Cow.) is a commercially available and uses a Dower line interface to send and receiZ signals over the exlstlng center-pivot Dower cable. This control svstem and its -. I applicatiozo this project is described in Wall et al. (1996, 3rd International Conference on Site Specific Crop Management, Bloomington, Minnesota.). It was extensively evaluated and tested in the laboratory to prior to its implementation in the field.
Energy savings resulting fiom the use of the PICS system depend entirely on the individual field and the center-pivot system. A typical situation might be a fieId with varying slopes, soil texture and crop production potential. For example, fields with si@cant areas of rock outcrops would benefit from withholding irrigation entirely to these non-productive areas. We identified such a field near Aberdeen, in SE Idaho, on which to test the PICS system. Figure 1 shows the general location of the system, while figure 2 shows a more detailed map of the field and the location of the major components, including pump, ASD, pivot point and wheel tracks. The field was surveyed, using a total station system, to develop a topographic map prior to installing the PICS equipment. The locations of the rock outcrops were surveyed using a differential Global Positioning System. Figure 3 shows the topography of the field. It can be seen that there are substantial differences in elevation between the pump, the pivot and various areas within the field. These elevation differences will produce pressure variation within the system as it rotates around the field. Figure 4 shows the control map used to avoid irrigation on the rock outcrops.
We compared four different strategies to manage the operation of the center-pivot and pump system, with the aim of allowing a comparison to be made between energy usage at different levels of control. These strategies were:
1. No control over the pump. This represents the vast majority of systems. The pump was operated at a fixed speed regardless Pigure 2. Field map showing pump, pivot tracks and rock outcroppings* of pressure variation within the center-pivot and the flow requirements. This is the baseline scenario against which the other strategies can be compared. Because of energy losses by the ASD, there is a slight increase in energy use compared with the standard situation where no ASD is used. 2. Use the ASD to control the pump to just maintain minimum pressure at critical point@) along the lateral. This allows for pressure changes due to elevation to be accounted for and may result in a reduction in overall energy use by reducing pressure requirements at the pump. 3. Use the irrigation control system to reduce irrigation (withhold irrigation to the rock outcrops in this case), and the ASD to maintain a minimum pressure (35 psi) at critical points. 4. Use the irrigation control system to withhold irrigation to the rock outcrops, and the ASD to control the pump to maintain a constant pressure (58 psi) at the pump. In subsequent figures, these strategies will be referred to as scenarios 1 through 4 respectively.
Electronic pressure sensors were used at the following three locations along the center-pivot to periodically measure water pressure.
At the pivot point (referred to in subsequent figures as c'Pivotyy) At the sixth tower, which is approximately in the middle of the system (referred to in subsequent figures as 'Middleyy)
0
At the end of the system (referred to in subsequent figures as "End" outcroppings. The measurements of pressure were made each time the angle of the system incremented by one degree during its rotation around the field. There were thus 360 measurements made during a complete individual irrigation (one complete rotation). The pressure data were transmitted over the power line back to the control computer at the pump where they were used to implement one of the four strategies above. Similarly, an electronic flow meter (IDTech EFC 1000) was used to measure total pump flow at the same time as the pressure measurements. The energy use of the system was obtained fiom the electrical utility supplying power to the system (Idaho Power Co.), integrated over 4 The water application of the system was measured using catch cans located under the outermost span, where no reduction in application rate occurred.
RESULTS AND DISCUSSION
After identifling the control system hardware and developing the software, the proof of the system lies in its field performance. The results presented here are fiom the field installation for several irrigations corresponding to the above four scenarios.
Figures 5a and 5b show results for a single irrigation under scenario 1, as a function of rotation angle of the center-pivot. Figure 5a shows pressure at the three measured points along the system, while figure 5b shows the theoretical and measured flow rates. The theoretical flow rate is computed fi-om the sum of the nominal discharge of all the sprinklers.
Variation in flow rate in conventional center-pivot systems is largely due to the operation of the end gun, which may be separately turned off. Figures 6a and 6b there is no odoff control of individual sprinklers, and so the variation in flow is largely due to the operation of the end gun. In scenarios 3 and 4, individual sprinklers may be turned on or off as required by the application map, and so total flow may vary considerably. Figures 9a and 9b show measured flow rate compared to theoretical flow rate, for scenarios 1 and 3 respectively. Scenario 1 , which approximates conventional systems, shows the variability of measured flow about the two major theoretical flow rates, corresponding to flow with the end gun on and off. Other comparisons between measured and theoretical flow rates should be evaluated against this level of Variability. Scenario 3 represents the best attainable management using a PICS system. The average deviation of the measured flow rate fiom the theoretical flow rate in scenario 1 is 7% of the theoretical rate, while in scenario 3 the corresponding value is 8%. It can therefore be seen that there is approximately the s h e degree of variability of flow rate in the two scenarios, implying that the PICS system was able to control a varying flow requirement with about the same variation fiom the intended target as flow rate in a conventional system with a uniform target.
Possible energy savings can best be illustrated by examining particular areas in the field where there are varying flow and/or pressure requirements in detail, because the rate of energy use at any time is a function of flow rate and pressure. One such. area is the sector of the circle fiom 0 degrees to 30 degrees, which contains a rock outcrop requiring appropriate sprinklers to be shut off while they are over it. At the beginning and end of the sector (0 degrees and 30 degrees) there is no reduction in flow rate required. Figures 10a and 10b show the target relative flow rate for this area at positions corresponding to 9 and 18 degrees respectively, for each span, compared with a constant target (i.e. flow control vs. no flow control). Scenarios 1 and 2 have no flow control, while scenarios 3 and 4 implement flow control. Because of the relatively small area (and therefore low flow required), span 1 was controlled as a single unit. The area under each span progressively increases the M e r the span is fiom the pivot point. Spans 2 and 3 were controlled in two sections, i.e. the sprinklers in the inner half of the span could be turned on or off independently fi-om the sprinklers in the outer half. Spans 4 through 10 were controlled in three sections, i.e. an inner, middle and outer third. Span 11 is the 5 relatively short overhang at the end of the system, and this was controlled as a single unit.
Thus, in figures 10a and lob, span 1 has a single value, spans 2 and 3 have two values, spans 3 to 10 have three values, and span 11 (the overhang) has 1 value. As the center-pivot progresses fi-om 0 through about 7 degrees, the target flow is not reduced. As the system progresses, the target flow is progressively reduced &om about 8 degrees through 18 degrees as more of the system is over the rock outcrop. From about 19 degrees onwards, target flow progressively increases as more of the system completes its pass over the outcrop.
Figures 1 l a and 1 lb show measured flow rate and pressure at the pivot point within this area for all four scenarios, respectively. In figure 1 la, scenarios 1 and 2 show essentially constant flow while scenarios 3 and 4 show reduced flow in part of the sector, as the control system implements the irrigation targets shown in figures 10a and lob by turning appropriate sprinklers of€. Similarly, in figure 1 lb, pressure at the pivot point varies according to expectations under each of the four scenarios.
The most important result &om an energy point of view is how the various flows and pressures are reflected in energy use. Figure 12a shows the rate of energy use, in kW, for fifteen minute intervals during the time the center-pivot was irrigating this particular area, for each scenario. Scenario 1 shows essentially constant power input because flow and pressure were also essentially constant. Scenario 2, (pressure control only) shows reduced power input because the ASD was able to reduce pressure in the system without affecting flow. In parts of the field where pressure cannot be reduced without affecting flow, the power input would be the same as in scenario 1. An example of this could be where the outer end of the center-pivot is at a significantly higher elevation than the pivot, requiring pressure to be increased to maintain suf€icient pressure at the outer end.
Power input under scenario 3 (both pressure and flow control) shows the benefits of reduced power when pressure alone can be reduced, as it is &om 0 to 7 degrees, and when pressure and flow are reduced, as they are fi-om 8 to 30 degrees. In the former, power input is essentially the same as in scenario 2. In the latter, power input is progressively reduced fi-om 8 to 18 degrees as more of the center-pivot passes over the rock outcrop and increasing numbers of sprinklers are shut of€. From 19 to 30 degrees power input progressively increases as sprinklers start turning on again once they are past the outcrop, until at 30 degrees all the sprinklers are on again and power input is the same as under scenario 2.
Power input under scenario 4 (flow control only) is similar to scenario 1 fiom 0 to 7 degrees because no flow reduction occurs. From 8 to 18 degrees, and fi-om 19 to 30 degrees, power input progressively decreases and then increases as under scenario 3. However, because pressure is higher than required, the power input is higher than under scenario 3. Figure 12b shows power input integrated over time to show total energy used (kW-hr) under the four scenarios, for the same sector of the field. As shown in figure 12% the highest energy use is under scenario 1 and the lowest is under scenario 3. Compared with the baseline (scenario l), scenario 3 used significantly less energy in this sector (203 kW-Hr compared to 280 kW-Hr, a 28% reduction).
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OTHER
The ultimate goal is to commercialize control systems for SSCM. In addition to the technical development which this project has accomplished, PICS has developed a close business relationship with a major fertilizer producer and distributor. We have already formalized a development agreement and are in the process of formalizing a joint production and marketing agreement which will result in systems being available commercially within 2 years. Thus, we have combined our experience and R&D expertise with a company with the resources to successllly commercialize and market the system. We have also been supported by other industries, including a manufacturer of ASDs, a manufacturer of chemical injection equipment, and the electrical power supplier for the area in which we have worked. Also, as a beginning to publicizing the system and eventually marketing it, we held a field day in July 1996 to demonstrate the prototype system to interested people, including farmers. The event was a success and has generated great interest.
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